ministration, risk of recurrent stroke, complications of intervention, and use of immunosuppressive drugs. The difference between an assumed societal willingness to pay for a QALY gain in Sweden (110,400 USD) and the cost per QALY gain resulting from the model was interpreted as the value of SCT. Results: Increased survival (1.06 life years) and improved functional status gave rise to an estimated gain of 1.34 QALY in a cohort of patients aged 55 with mRS 2 at hospital discharge. Although the SCT intervention increased costs by 64,014 USD (excluding cost of stem cells), the costs of intervention were offset mainly by decreased productivity losses. In total, the intervention saved 19,055 USD, i.e., at a price of 19,055 USD for stem cells, the SCT would be cost neutral. The societal value of SCT was 166,500 USD. Conclusions: The application of the health-economic model to Sweden shows that in younger stroke patients with moderate disability, the societal value of SCT given a zero price of stem cells is 166,500 USD. Although the transplantation itself is more costly, SCT offers potential for cost offset and cost savings in a long-term perspective by reducing the disability after stroke. The therapy appeared cost effective under a wide range of assumptions. Hence, further research and development in stem cells suitable for stroke therapy could potentially produce great value to society. Copyright © 2012 S. Karger AG, Basel
Introduction
Stroke represents the greatest cause of disability with about 46.6 million disability-adjusted life years (DALYs) [1] . The extension of the average human life span has resulted in a constant increase in the number of individuals with stroke among the expanding elderly population, creating a serious hazard to the quality of life and increased health care costs. According to WHO estimates, the number of stroke events in Europe is likely to increase from 1.1 million per year in 2000 to more than 1.5 million per year in 2025 solely because of the demographic changes [5] . In Sweden, the total excess direct and indirect cost of stroke is 1.8 billion USD [2] . The cost of stroke in Europe has been estimated to 53 billion USD per annum. Furthermore, on average, 39% of total costs for stroke are attributable to morbidity and informal care giving costs [3] . In addition, there is an intangible cost to the patient for disability and relatives' reduced quality of life [4] . From this perspective, all efforts at bringing the latest advances of science and technology a step closer to the development of therapies against stroke should be vigorously promoted. Hence, if disability resulting from stroke could be ameliorated, and the post-stroke recovery could be improved, the gains would not be limited to reduced cost of care but also improved health-related quality of life. If more patients could return to work, the gain to society would be even greater in terms of reduced production losses.
New technologies for reducing morbidity among stroke patients are important in order to decrease the burden related to care. It is of great value to estimate the economic impact of new technologies early on in the development process. To estimate the impact of such technologies, explorative decision-analytic models are often used to simulate life-long effects not studied in clinical trials [5] . Even before clinical trials have measured the effectiveness of the new technology, modeling the economic impact based on an assumed effectiveness is useful. Results from early modeling studies can highlight where the value to society is expected to arise and stimulate further research aiming at clinical translation and development of commercially sound stem cell-based products for stroke therapy. However, results are expected to vary between countries due to different treatment practices, life expectancy, prices, and probability to improve or get a recurrent stroke resulting in differences in resource utilization.
Apart from thrombolysis during the first hours after an ischemic stroke, which can be given only to a limited proportion of patients, no effective pharmacological treatment to improve functional recovery exists in the post-ischemic phase. Several stem cell-based approaches are currently being explored in preclinical animal models of stroke [6] , and guidelines for their clinical translation have been defined [7] . Neuronal precursors or neuroblasts derived from cultured stem cells are transplanted into the brain to restore damaged neural circuitry. Also, compounds are infused to stimulate neuron formation from the brain's own neural stem cells. Finally, and these approaches are closest to clinical application, stem cells are injected systemically and are believed to act through multiple mechanisms including, e.g., neuroprotection, modulation of inflammation, and stimulation of axonal plasticity, angiogenesis, and neurogenesis. Two initial clinical trials using stem cell therapy (SCT) approaches have been completed in patients with stroke [8] [9] [10] , and several clinical trials with transplantation of bone marrow-derived stem cells as well as with a human fetal brain-derived cell line are ongoing or planned (www. clinicaltrials.gov). However, although a promising strategy for the functional restoration after stroke, SCT is still experimental.
The aim of this study was to estimate the value to society of SCT compared to standard care in stroke patients based on the incremental cost of SCT and the willingness to pay for a quality-adjusted life year (QALY) in Sweden. For this purpose, a health-economic model was designed to simulate costs, QALYs, and survival for stroke patients over a lifetime.
Methods

The Model
We created a decision-analytic model in Microsoft Excel 2010 to assess the value of SCT versus standard care among patients with ischemic stroke. We wanted to calculate costs and QALYs for both treatments, SCT and standard care, in a lifetime perspective. The model was designed to simulate treatment, functional development, and survival of the index event and long-term post-event management, respectively ( fig. 1 ) . The model was also developed to permit subgroup analyses according to age at stroke onset, functional status at hospital discharge, effectiveness of SCT, mode of stem cell administration, risk of recurrent stroke, and risk of death caused by intervention. The incremental cost-effectiveness ratio [ICER, defined as (Cost SCT -Cost Standard )/(Effect SCTEffect Standard )] describes the cost of producing an extra QALY with SCT compared to standard care, and can be used to inform decision makers on the potential value for money with SCT. Assuming a Swedish willingness to pay of 110,400 USD for a QALY gained [11, 12] , the societal value of SCT can be expressed as the value of health benefits (here QALYs) less the incremental cost, i.e., 110,400 USD * QALY gain -(Cost SCT -Cost Standard ). Expressing the societal value in this way implicitly results in a cost-benefit analysis since both costs and benefits are expressed in monetary terms.
Stem Cell Treatment
The model analyzes patient cohorts of age 55, 65, and 75 years with a modified Rankin Scale (mRS) score of 1-4 at discharge. The treatment effectiveness of SCT was modeled as a relative increase in the probability of improving by 1 score on the mRS scale. Since survival of stroke patients varies by functional status (mRS score), the SCT affected survival indirectly. Two modes of administration of stem cells were considered: intracerebral through stereotaxic surgery and systemic via intravenous delivery. Intra-arterial delivery is also a possibility, but is not considered here.
As no clinical efficacy data were available for SCT, we relied on expert opinion for plausible assumptions on the size of the effects, which was set to a 50% increase in the chance to improve 1 score on the mRS scale. As a comparison, Goldstein et al. [13] showed in a prospective observational study on patients with ischemic stroke that approximately 26% more patients were discharged with little or no disability when they were cared for by a neurologist (n = 614) than if they were not (n = 161). Also, the NINDS trial showed that 39% in the t-PA treatment arm had the outcome mRS 0-1 compared to 26% in the placebo arm [13] .
Post-Stroke Functional Development, Survival, and Quality of Life
The model structure consisted of 7 health states in accordance with the mRS where 0 indicates no disability and mRS 6 is death. The mRS level at discharge from the hospital was used as the starting health state for the patients' post-stroke functional development. The transitions between health states for standard care treatment were governed by probabilities [14] during the first 3 months ( table 1 ) . After the first 3 months, we assumed that mRS steady state is reached and patients remain in the same mRS level until death unless they experienced a recurrent stroke. Recurrent strokes were modeled as deterioration in functional status by 1 mRS unit at an annual risk of 4% [15] . We assumed that the disability level does not affect the risk of recurrent stroke. Quality of life weights for each mRS score were taken from the literature [16] , ranging between 0.936 and -0.054 for mRS 0 and 5, respectively, with the latter indicating a situation worse than death. Apart from the first year, annual cycle length was used.
Survival was expected to vary by mRS and age at stroke onset. The survival in years 1-7 after stroke, stratified by mRS level, was taken from the work of Slot et al. [17] , regarding survival in the Lothian stroke register in the UK. After year 7, we assumed a poststroke survival identical to that in the general Swedish population. SCT was not assumed to improve survival, but since life expectancy is increased with decreased mRS score, survival was indirectly affected by the experimental treatment. Survival was censored at 100 years. Survival for the first 7 years [17] was adjusted for age at stroke onset (55, 65, and 75 years) by multiplying the survival with factors calculated from the literature [2] to generate age-specific survival by mRS level ( table 2 ) .
Costs
We adopted a societal perspective, i.e., including both direct and indirect costs expressed in USD in 2009 1 . Costs for secondary prevention and follow-up in primary care were not included because they were assumed identical for both treatment alternatives. All unit prices are presented in table 3 .
First 3 Months. The resource use for the first 3 months was taken from a randomized, international multi-center study with 820 patients with intracerebral hemorrhage [18] . The advantage with this source was that resources for length of hospitalization, home health care, and rehabilitation were stratified by the mRS score at 3 months after stroke. Swedish unit prices were applied to the resources. Cost of Recurrent Stroke. The mean length of stay in hospital for a first-time stroke patient in Sweden was 22 days, whereas patients with recurrent stroke stayed 26 days [2] . To estimate the recurrent stroke cost, we inflated the initial hospitalization cost [18] with 26/22.
Long-Term Costs -Social Services . No data were found in the literature for long-term costs after stroke based on mRS score. To estimate long-term costs, we assumed that mRS 0 and 1 incurred no long-term costs due to stroke, mRS 2 incurred 2 h of home health care per week, mRS 3 incurred full home health care, and that mRS 4 and 5 incurred the cost of living in a nursing home. These assumptions were guided by a study on the cost of stroke in Sweden [2] . If treatment affects survival, all costs (i.e., also nonrelated to stroke) for increased survival should be included. However, this principle has been debated and is not adopted in our model application [19] .
Experimental Treatment . As stem cells suitable for stroke therapy are currently not commercially available, we set this cost to zero. In fact, even in direct contacts with companies having stem cell products in clinical trials, we could not obtain any cost estimation. Hence, the estimated societal value for SCT would indicate the maximum attainable cost for stem cells. Cost for an initial magnetic resonance imaging (MRI), immunosuppressant therapy, and administration of stem cells (intracerebral or systemic delivery) were added. The cost for immunosuppressive therapy refers to the regimen used in previous trials with fetal mesencephalic grafts in patients with Parkinson's disease, which included treatment with cyclosporine, azathioprine, and prednisolone with a mean duration of 29 months after transplantation [20] . Most investigators now agree that 12 months of treatment would be sufficient, and there may also be other modes of immunosuppression [21] . Costs were estimated for the doses indicated in the summary of product characteristics for each drug.
Productivity Losses . Indirect costs due to productivity losses were calculated for patients ! 65 years of age, the official retirement age in Sweden. Patients who died or had mRS score 3, 4, or 5 were assumed to exit the workforce. For patients ! 65 years of age with a milder stroke (mRS 0-2), 3 months of sick leave were included before they returned to work. The value of productivity was calculated according to the human capital approach from the mean full-time employment wage of Sweden including pay roll taxes (factor 1.4). Adjustments for part-time employment and unemployment were made to represent the actual mean income of a person in the workforce.
Analyses
The base case scenario represented a patient cohort aged 55 years at stroke onset, with mRS 2 at hospital discharge, and an assumed increase in the probability to improve 1 mRS grade of 50% with intracerebrally transplanted stem cells with no side effects. Both costs and effects were discounted by 3%. In the univariate sensitivity analysis, some assumptions and variables were altered to study how sensitive the results were to these changes as an estimation of the robustness. The ranges in the sensitivity analyses were chosen by the authors using expert opinion.
Results
In the base case scenario, the estimated lifetime cost with the SCT procedure, excluding the cost of stem cells, was lower than with standard care, with cost savings of 19,055 USD ( table 4 ). In the first 3 months after stroke onset, the cost was higher for the SCT by 18,814 USD. However, some savings were realized as a result of patients moving to less severe and, hence, less costly health states. In the long-term perspective, the treatment cost was offset by savings in social services and indirect costs due to reduced mortality and disability levels. The cost for recurrent strokes did not differ in spite of the extended survival with SCT as the length of hospital stay was shorter for lower levels of disability. The estimated QALY gain was 1.34, primarily as a result of extended survival (1.06 life years) but also due to a shift to lower disability with higher quality of life. Figure 2 depicts the survival for two age cohorts (55 and 65 years) with both treatment alternatives. In the base case, the SCT generated a gain of 1 life year as patients moved to less disabling health states with lower mortality rates. Given the Swedish willingness to pay for a QALY, the societal value of SCT would be approximately 166,500 USD per treatment [110,400 USD * 1.34 -(-19,055 USD)]. In order for the intervention to be cost effective at the given willingness-to-pay threshold value, the effectiveness of the base case patient profile needs to be at least 14%.
The sensitivity of the model was tested through oneway sensitivity analyses with the base case as the reference. The results are presented in table 5 . Decreasing the assumption of a 50% relative efficacy of SCT from 50 to 25% decreased the QALY gain by 50% (1.34-0.67) while incremental costs increased to 22,000 USD. The mode of transplantation only affected the cost of the SCT procedure, not health outcomes compared to the base case. Likewise, a reduction in use of immunosuppressant medication to 12 months reduced the cost of SCT by an additional 24,837 USD. Stroke onset at age 65 years reduced the QALY gain to 0.9 and potential cost offset for production losses and social services. Therefore, the societal value of SCT was lower for patients with stroke onset in older age than in the base case. Changes in the annual risk of recurrent stroke for both standard care and SCT affected the long-term costs as patients with recurrent stroke were assumed to worsen by 1 mRS score and thereby needed more social services. However, because this re- sult was assumed for both treatment strategies, the resulting cost implications were small. The results were neither sensitive to a risk of death of 5% for the transplantation procedure [22] , nor to an extended sick leave period up to 1 year after the index event. Intervention in patients with mRS 3 and 4 at hospital discharge in the acute phase reduced the scope for health benefits and cost offset. This occurred due to the fact that patients in mRS 3 and 4 had lower survival and gain in QALYs, as well as higher costs, than patients with mRS 2 at hospital discharge.
Discussion
Our study shows that in the base case, SCT generated both cost savings and health gains compared to standard care, resulting in a societal value of SCT up to 166,500 USD given a zero cost of the stem cells. This implies that the potential scope for cost recovery for investments in research aiming at developing stem cells for clinical use is substantial. For example, at a stem cell price of 19,055 USD per treatment, the intervention could be cost neutral, i.e., the SCT would bear its own cost from a societal perspective, and generate 1.34 extra QALYs. The results were sensitive to the assumed efficacy of SCT, age, and level of disability, but not very sensitive to the mode (or cost) of administration, the risk of recurrent stroke, and intervention-related mortality. The ICER increases by age mainly due to the inclusion of indirect costs. The younger the patient is, the greater the savings in productivity losses.
The model application clearly showed the importance of the long-term perspective. Even a quite costly intervention can be justified since it was associated with benefits and saved costs for defined patient categories. Our study shows that the cost of intervention was not offset in the first year. Instead, the main potential for societal value was in the long-term benefits of reduced disability. The ability for patients to carry out usual activities not only influences the cost of care for the social services, but also the quality of life of patients and their relatives.
Ideally, health-economic analyses are based on data from long-term observational studies of broadly representative patient groups following general health care practices. For most treatments, however, only short-term data are available that do not cover all aspects of the disease. Disease modeling is a well-established method of generating long-term health-economic data in the absence of long-term empirical data. This information is important for decision makers, politicians, physicians, or researchers in their ex-ante decisions for health care technologies. Typically, mathematical simulation techniques are used to incorporate data from different sources into a cohesive epidemiological model. While the results must be interpreted carefully (e.g., due to uncertain parameters, expert opinions, or assumptions), health-economic models have a number of desirable features for decision making when complete information is not available. A T he base case scenario represented a patient cohort aged 55 years at stroke onset, with mRS 2 at hospital discharge, and an assumed relative effectiveness of 50% with intracerebrally transplanted stem cells with no side effects. Both costs and effects were discounted by 3%.
review by Earnshaw et al. [5] included 13 modeling studies for acute stroke. The designs differed not only because of different settings but also because of different research questions. Our research question was to explore any potential societal gain with SCT, for different patient subgroups. We believe that deterministic one-way sensitivity analyses are illustrative to encourage research on subgroups where the potential societal value is the greatest. Once the technology is viable, probabilistic sensitivity analyses ought to be conducted to quantify the variation in the ICER due to the uncertainty to support health technology assessment and reimbursement decisions.
Several limitations of our study should be recognized. First, the effectiveness of SCT in humans has not yet been demonstrated and any estimate of effect size is uncertain. The societal value is highly influenced by the effect size estimate used: we modeled for a 50 and a 25% probability of improving 1 mRS grade (both of which yielded a favorable societal value), but even the lower estimate may be too optimistic in the light of the large number of negative trials in the neuroprotective field. The treatment would be cost effective down to an effect size of 14%, which may still be clinically relevant. Second, the optimum time point to administer stem cells after stroke in humans remains to be established. In experimental studies, both subacute and chronic administration are currently being evaluated. Recovery processes may be engaged early after stroke and be a target for intervention [23] . These endogenous mechanisms may enhance the effect of SCT but may also be promoted by the SCT. However, our model did not include differential costs on early versus late administration. Third, the indication for the use of immunosuppression after SCT is not established. We modeled for use and non-use of immunosuppression, taking only drug costs into account. Immunosuppressive therapy may potentially cause side effects that may be different in patients with acute stroke than in patients with, e.g., Parkinson's disease. This aspect was not included into our model because of lack of any background data on this issue. A common limitation when constructing decisionanalytic models is that the results ultimately rely on the quality of the data that are used for the calculations. Ideally, standard care data reflecting survival, treatment patterns, and transition probabilities for mRS should be collected from the same setting. There are only a few studies [24, 25] with detailed description of the time course of post-stroke functional recovery. We used a study [14] that we considered to comprise the most reliable data. Furthermore, we assumed that the disability steady state was attained after 3 months regardless of the functional status. Although this may not be the case, long-term costs and effects that had an impact on the results have been supported by Earnshaw et al. [5] . Likewise, the best available report on health care consumption with a split on mRS is based on data for hemorrhagic stroke [18] . Although hemorrhagic stroke patients require more resources in the acute phase than ischemic stroke patients, the effect of this is likely minimal since the mean length of stay in Sweden was estimated to 22 days, whereas it was 25.7 days in the study by Christensen and Morris [18] . This would translate into an additional 1,853 USD [2, 18] . Furthermore, rehabilitation after the first 3 months was not included as we assumed it to be identical irrespective of the intervention.
A previous study on Parkinson's disease has illustrated the value of early health-economic modeling for the clinical application of a future cell replacement therapy [26] . Despite the caveats, our current results indicate that SCT may be a cost-effective therapy for stroke patients under a wide range of assumptions. The data from this study can support researchers to determine which patients should be targeted with SCT therapy and what cost items drive the results. More research is needed about the efficacy of SCT in order to estimate the costs and benefits with better precision. In addition, stem cells suitable for the therapy need to be developed and marketed. This study could therefore be considered as an attempt to estimate the potential value for further research in stroke therapy in order to make the best societal use of research investments [27] .
Conclusion
The application of the health-economic model to Sweden shows that in younger stroke patients with moderate disability, the societal value of SCT given a zero price of stem cells is 166,500 USD. Although the transplantation itself is more costly, SCT offers potential for cost offset and cost savings in a long-term perspective by reducing the disability after stroke. Hence, further research and development in stem cells suitable for stroke therapy could potentially produce great value to society.
